INTRODUCTION development of a quantitative nondestructive method for testing
The objective of this study was to provide insight into the the condition of fiber-epoxyimetal laminates. In working toward this goal, we sought to use ultrasonic measurements to determine the through-thickness elastic coefficient of the laminate and to determine the elastic coefficients oftheir constituent layers.
need tu consider four regimes of interest: a static regime, a
In evaluating the results of the ultrasonic measurements, we second regime where the wavelength of the ultrasound is greater than the thickness of the specimen, a third regime where the wavelength is of the same order of magnitude as the thickness, and a fourth regime where the wavelength is much shorter than the thickness. Our experiments are relavent to the intermediateand short-wavelength regimes.
consists of alternating layers of aluminum (2024 T3) and fiberepoxy composites, all of which were 200 to 300 pm thick. The The Fourier transform of a signal reflected from a specimen with 4 aluminum layers and 3 aramid-epoxy layers is shown in Reflection coefticient calculated from theory for three configurations of aluminum and fiber-epoxy layers DATA ANALYSIS The calculations from the theory developed by Folds and Loggins can be used to estimate the properties of the individual layers using a three-step process. First, the thicknesses of the layers are determined from optical micrographs. Next, the velocities in the theory are adjusted until the centroids of the clusters in the theory match the centroids of the clusters in the experimental data. Finally, the densities ofthe layers in the theory are adjusted until the fine details within each cluster match. Because the group velocity is indeterminate at the resonances, the velocities determined from this process must be phase velocities. The changes made in Figure 6 are gross changes to illustrate the matching procedure. Our results show greater precision than the figure because we have the ability to zoom in to see more subtle changes. Changes in the properties ofthe aramid-epoxy aKect mainly the aramid-epoxy cluster, and changes in the properties ofthe aluminum affect mainly the aluminum cluster; however these changes also have small influences on each other's cluster.
.The result of matching the theory to the experimental data is experimental data [9]; rather we match the frequency locations of shown in Figure 7 . We do not do an exact fit of theory to the resonances. As this figure indicates, the matching procedure worked quite well for this specimen.
the aramid-epoxylaluminum specimen are listed in Table I . The
The results of matching the theory to the experimental data for error indicated in this table represents the resolution of the resonance matching procedure. This error is determined mostly by the frequency spacing of the spectrum, which in turn is determined by the sampling rate of the digitizer and the record length of the captured trace. Random noise can also influence this error.
Frequency (MHz) Figure 7 . Theoretical match to the experimental data for signals reflected from a 413 configuration of aramid-epoxylaluminurn laminate. The short-wavelength, through-thickness velocity ofthe specimen was determined from transmission measurements of the time of arrival of a short pulse using a piezopolymer transmitting transducer and a hydrophone receiving transducer (as shown in the block diagram in Figure 2) . Timing was measured from the first arrival of the pulse. To obtain a velocity, two timing measurements are needed the time b the signal travels through the water path with the specimen removed, and the time ti through the water and the specimen. The average composite velocity v is determined by SHORT-WAVELENGTH VELOCITY where d is the thickness of the composite and vy is the velocity in water. The result ofthis measurement is listed in Table 11 . Table II 
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assumption that the velocities of the layers act in series as the The predicted velocity in Table I1 was computed using the sound propagates through the laminate. The velocities of the layers as listed in Table I were used in the computation. The average predicted velocity ofthe composite compares well with the experimental, short-wavelength velocity, which is a more direct measure because it does not assume any relationship between the properties of the individual layers and the laminate. 
and the average elastic stiffness coefficient Kv from the Voigt formulation is
plified by the summation of the velocities. In the velocity in
The difference between the three formulations is best exemseries formulation, Equation (2), we calculate the square of the sum ofthe reciprocals of the velocities. This is similar to but contrasted with the Reuss formulation, Equation (3), which represents the elastic stiffness coefficients acting in series. In this formulation the squaring function is brought inside the summation. In the Voigt formulation, Equation (4), the elastic stiffness coefficients act in parallel and the summation ofthe square of the velocities occurs in the numerator.
combining the elastic stiffness coefficients proposed by Mori and We also compare our determinations with a formulation of Tanaka 1121. This method is based on averaging the internal stress in the matrix and considering the average elastic energy. the rule of mixtures. As Table Ill shows, both our experimental
The R e u s and Voigt formulations represent the bounds for determination as well as our prediction based on the velocities to the Reuss bound. Mori-Tanaka . -. .
21.3
.
CONCLUSIONS four regimes of interest. Mechanical testing is usually done in
In evaluating the results ofthis study, we need to consider the static regime. Ultrasonic theory and testing are often done in the regime where the wavelength ofthe sound is much greater than the thickness ofthe specimen. Our measurements using the back-reflected signal and our analysis of this signal using clusters of resonances in the spectrum are done in the intermediate wavelength regime. In this regime the wavelength is of the same order of magnitude as the thickness. The novel, three-step, resonance-matching procedure we present in this study produces precise determinations of the velocities and densities of the individual layers for fiber-epoxylmetal laminates.
determined in the short wavelength regime. The measured rule of mixtures and compared favorably with a prediction based elastic stiffness coefficient fell within the accepted bounds of thc on the assumption that the velocities ofthe individual layers act in series as the wave propagates through the laminate.
The average velocity and elastic stiffness coefficient were
